The chemotherapeutic drug cisplatin causes a number of dosedependent side effects, including cachexia and testicular damage. Patients receiving a high cumulative dose of cisplatin may develop permanent azoospermia and subsequent infertility. Thus, the development of chemotherapeutic regimens with the optimal postsurvival quality of life (fertility) is of high importance. This study tested the hypothesis that ghrelin administration can prevent or minimize cisplatin-induced testicular damage and cachexia. Ghrelin and its receptor, the growth hormone secretagogue receptor (GHSR-1a), are expressed and function in the testis. Targeted deletion of ghrelin, or its receptor, significantly increases the rate of cell death in the testis, suggesting a protective role. Intraperitoneal administration of vehicle, ghrelin, or cisplatin alone or in combination with ghrelin, in cycles of 9 or 18 days, to adult male C57Bl/6 mice was performed. Body weight was measured daily and testicular and epididymal weight, sperm density and motility, testicular histology, and testicular cell death were analyzed at the time of euthanization. Ghrelin coadministration decreased the severity of cisplatin-induced cachexia and gonadal toxicity. Body, testicular, and epididymal weights significantly increased as testicular cell death decreased with ghrelin coadministration. The widespread damage to the seminiferous epithelium induced by cisplatin administration was less severe in mice simultaneously treated with ghrelin. Furthermore, ghrelin diminished the deleterious effects of cisplatin on testis and body weight homeostasis in wild-type but not Ghsr À/À mice, showing that ghrelin's actions are mediated via GHSR. Ghrelin or more stable GHSR agonists potentially offer a novel therapeutic approach to minimize the testicular damage that occurs after gonadotoxin exposure.
INTRODUCTION
Improvements in the detection and treatment of cancer have increased the survival rate for patients. However, treatment, such as the administration of cytotoxic agents, including the platinum-based drug cisplatin, can cause adverse side effects in a dose-dependent manner [1, 2] . A potentially permanent side effect is damage to the seminiferous epithelium, resulting in impaired spermatogenesis [3] [4] [5] [6] . Secondary infertility may result from cisplatin treatment [7] . Indeed, irreversible infertility occurs in men receiving a cumulative dose of more than 600 mg/m 2 cisplatin [8] . The effects of chemotherapy on fertility and reproductive function are of particular importance to patients' quality of life after chemotherapy because many cancer survivors wish to become parents. Currently, sperm banking prior to chemotherapy provides one of the few options that allow patients to assure their posttreatment fertility. However, sperm banking is not a viable option for prepubescent cancer patients.
The antineoplastic effects of cisplatin are a product of DNA cross-linking, which interferes with mitotic cell division and ultimately triggers apoptosis [9] . Cisplatin suppresses neovascularization, required for tumor outgrowth, and disrupts mitochondrial enzymatic activity [10, 11] . Widespread damage to seminiferous tubules occurs after cisplatin administration [12] . This includes effects on Sertoli cell morphology and function within 24 h of exposure to cisplatin [13] . Subsequently, extensive apoptosis of the type A spermatogonia leads to permanent spermatogenic deficiency [12, 14] . Spermatogonial stem cell number is also decreased following exposure to cisplatin [15] . Cisplatin administration causes a decrease in LH receptor concentration and steroidogenic enzyme cytochrome P-450scc activity with a corresponding reduction in serum testosterone levels [14] . The fidelity of the tight junctions of the blood-testis barrier is compromised by cisplatin exposure, as indicated by changes in the electrolytes present in the fluid of the seminiferous tubules [13] . In humans as well as in animal models, administration of cisplatin at doses comparable to those used to treat human cancers results in reduced sperm count and motility as well as diminished sperm chromatin quality [16, 17] . Indeed, the scope and duration of these detrimental effects are difficult to predict. For these reasons, semen cryopreservation should always be recommended prior to chemotherapy.
Ghrelin, the endogenous ligand for the growth hormone secretagogue receptor (GHSR-1a), is primarily expressed in the stomach and hypothalamus, although expression also occurs in other cells, including in the Leydig cells of the rat testis and the Leydig and Sertoli cells of the human testis; GHSR-1a is expressed in the Leydig and Sertoli cells of the rat and human testis [18] [19] [20] [21] [22] [23] [24] . Acting centrally through the hypothalamus, ghrelin promotes food intake and a positive energy balance [25] . Ghrelin stimulates appetite and adiposity, counteracting cancer-induced cachexia in mouse models [26, 27] . Likewise, appetite and body weight improve in cancer patients with anorexia/cachexia syndrome after ghrelin administration [28] . In addition to its orexigenic properties, ghrelin prevents cell death in numerous tissues [29] [30] [31] [32] [33] . Ghrelin administration protects hypothalamic neuronal cells in an oxygen-glucose deprivation model by inhibiting the production of reactive oxygen species, in turn preventing cytochrome c release, and caspase-3 activation [30] . In the testis, ghrelin represses the expression of the proapoptotic factor Bax following hyperthermia [34] . Consequently, ghrelin may act as a powerful antioxidant agent in the testis, and ghrelin administration may prove useful in patients with cachexia [34, 35] .
Preliminary studies by our group and work by others shows that targeted deletion of the ghrelin receptor in mouse models significantly increases the rate of testicular apoptosis, suggesting a role for this hormone in testicular function [36] . Because of its antiapoptotic actions in testis as well as in other tissues, we hypothesized that ghrelin could prevent or diminish cisplatin-induced gonadotoxicity in the male. Study of ghrelinand GHSR-1a-deficient mice allowed us to test whether ghrelin coadministration with cisplatin could prevent or diminish cisplatin-induced spermatogenic damage, impaired sperm parameters, and testicular cell death [37, 38] . Because ghrelin's action to prevent cisplatin induced cachexia and weight-loss was known, this measure provided a positive control to indicate the central action of ghrelin administration. Because exogenous ghrelin administration prevented the testicular injury caused by cisplatin administration in a GHSR-dependent manner, the results demonstrate the importance of ghrelin in the prevention of azoospermia following chemotherapy.
MATERIALS AND METHODS

Animals
Twelve-week-old male C57/BL/6 mice with a deletion of the growth hormone secretagogue receptor (Ghsr Fig. S1A ; all the Supplemental Data are available online at www.biolreprod.org) were randomized to receive vehicle (0.9% saline), ghrelin (at 16 mg/kg), cisplatin (at 2.5 mg/kg), or ghrelin þ cisplatin by intraperitoneal injection (n ¼ 4 mice/ treatment). Body weight was measured daily before the morning and evening injections. During and after the treatment cycles of ghrelin and/or cisplatin administration, body weight was plotted as the percent change from baseline. Testis and epididymal weights were measured when the mice were killed. Cisplatin was purchased from (Mckesson, San Francisco, CA), and rodent ghrelin was synthesized at Baylor College of Medicine and checked for purity by high-performance liquid chromatography. For each experimental trial, mice were divided into four groups with four animals per group [39] . Three experimental trials were employed to determine the temporal and dosedependent effects of ghrelin (Fig. 1) . Because of its short half-life, Ghrelin (16 mg/kg) was administered twice daily at 0930 h and 1630 h and was administered over a course of 9 (trial 1) or 18 days (trial 2). For both trials, cisplatin (2.5 mg/kg) was given daily at 1630 h on Days 1-5 and 26-30. This regimen was optimal based on the degree of testicular toxicity [7] , the induction of cachexia, and overall mouse survival. The ghrelin-and/or cisplatin-dosing paradigm was repeated in each trial, where animals received a total of 18 days of ghrelin and 10 days of cisplatin (trial 1) or 36 days of ghrelin and 10 days of cisplatin (trial 2). Saline was administered as the vehicle control using the same time course as cisplatin. Animals treated with ghrelin þ cisplatin received cisplatin as stated and ghrelin as in trial 1 or 2 ( Fig. 1) . Trials 1 and 2 mice were killed on Day 47. In the extended trial, mice were killed on Day 212.
Sperm Assays
Epididymides were dissected, the caudal region minced in Modified BWW Medium (Irvine Scientific, Santa Ana, CA), and incubated for 30 min at 378C. For total sperm counts, sperm were immobilized by dilution with water and 
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counted in a hemocytometer. Live sperm were spread onto a slide and classified as motile or immotile. The results were expressed as percent motile sperm.
Histology and Immunohistochemistry
Testes were collected and fixed overnight in Bouin fixative, dehydrated in 70% ethanol, and embedded in paraffin. Tissue was sectioned at 7 lm thickness, mounted on charged slides, and stained by hematoxylin/eosin. The cellular localization of GATA-4, previously shown to be a Sertoli and Leydig cell nuclear antigen, was analyzed using a goat polyclonal primary antibody for GATA-4 (C-20; Santa Cruz Biotechnology, Santa Cruz, CA) [40, 41] . Tissue sections were deparaffinized, rehydrated, blocked with 10% normal rabbit serum, and incubated overnight with GATA-4 (1:200 of 200 lg/ml). After the slides were washed with 0.1% PBS-Tween, sections were incubated in biotinylated rabbit anti-goat antibody (1:200 dilution; Vector Laboratories, Burlingame, CA) for 1 h at room temperature. Stain was visualized by incubating with Vectastain ABC for 45 min followed by 3,3 0 -diaminobenzidine (Vector Laboratories) for 5 min and counterstaining with hematoxylin. Negative controls were performed in the absence of GATA-4 primary antibody.
Cell Death and Terminal Transferase dUTP Nick End Labeling Assays
After decapsulating the testis, the seminiferous tubules were mechanically minced and cells isolated using a two-step enzymatic digestion as described elsewhere [42] . One-million cells were resuspended in 100 ll of incubation buffer and stained with propidium iodide (PI) and Annexin-V for 15 min at room temperature. Cells were analyzed using a Becton Dickinson 
Statistical Analysis
All the data were analyzed using a one-way (treatment) or two-way (treatment 3 repeated measure, e.g., body weight) ANOVA with the SPSS v.12 statistical software package (SPSS, Chicago, IL).
RESULTS
Ghrelin Administration Diminishes Cisplatin-Induced Gonadotoxicity
As expected, a decline in testis weight occurred in mice receiving cisplatin but not in untreated wild-type or ghrelintreated mice ( Fig. 2A) [7] . Ghrelin administered in combination with cisplatin partially prevented the testicular weight loss observed in the cisplatin-treated group in both study trials ( Fig.  2A) . There was no difference in the starting testis weight of Ghsr À/À and wild-type mice (Supplemental Fig. S1B ). However, the testicular weights of the Ghsr À/À mice treated with cisplatin or ghrelin þ cisplatin were not statistically different from cisplatin-treated C57/BL/6 mice (Supplemental Fig. S2A ). To determine if extending the recovery time in cisplatin-treated mice would restore testicular weight, testis were harvested five spermatogenesis cycles (170 days) after the final cisplatin injection (extended trial). The average testicular weight of animals treated with cisplatin in the extended trial remained significantly less compared to saline, ghrelin, and ghrelin þ cisplatin treated mice (P , 0.01) ( Fig. 2A) .
Spermatogenesis appeared normal in the wild-type vehicle, Ghsr À/À , and ghrelin-treated wild-type mice (Figs. 2B and Supplemental Fig. S1B ). In contrast, cisplatin caused extensive germ cell loss and severe damage to the seminiferous epithelium ( Fig. 2D) with tubules showing decreased diameter size and vacuolization of the Sertoli cells. Animals receiving ghrelin and cisplatin in combination displayed less seminiferous tubule damage with active spermatogenesis present in many of the tubules (Fig. 2E) . When ghrelin was administered over a longer period of time, as in trial 2, spermatogenesis was nearly normal in the testes from the ghrelin þ cisplatin treated mice (Fig. 2G) . The testicular histology of Ghsr À/À mice treated with ghrelin þ cisplatin resembled that in mice treated only with cisplatin (Fig. 2F) .
Immunohistochemical localization of GATA-4, a marker protein found in Sertoli and Leydig cell nuclei, was performed on cross-sections of testiscular tissue from the vehicle, ghrelin, cisplatin, and ghrelin þ cisplatin (trials 1 and 2) treatment groups (Fig. 3) . Sertoli and Leydig cells persisted following cisplatin administration, whereas germ cells (unstained) loss was markedly apparent compared to controls (Fig. 3C) .
Ghrelin Administration Partially Prevented CisplatinInduced Damage to Epididymis and Sperm Parameters
Cisplatin treatment induced significant epididymal weight loss when compared to vehicle and ghrelin-treated control mice (Fig. 4A) . Epididymal weights increased to levels comparable to vehicle in animals treated with cisplatin together with ghrelin (trials 1 and 2) compared to mice treated with cisplatin alone. Again, ghrelin administration did not prevent the detrimental effect caused by cisplatin in the Ghsr À/À mice. The significant reduction in epididymal weight observed in these mice indicates that GHS-R1a is required for ghrelin's protective actions on spermatogenesis.
Epididymal sperm count and motility were compared between treatment groups and genotypes (Figs. 4B, Supplemental Figs. S1C, and S2B). Cisplatin administration significantly decreased sperm concentration and motility when compared with the concentration in vehicle-and ghrelintreated groups. In trial 1 (with a shorter ghrelin treatment), epididymal sperm counts were not statistically different from those in mice treated with cisplatin alone. In contrast, longer treatment with ghrelin (trial 2) reduced the cisplatin-induced decline in sperm motility. Coadministration of ghrelin with cisplatin to Ghsr À/À mice did not prevent the damage induced by cisplatin to sperm count or motility (trial 1 or 2). In the extended trial, sperm density remained significantly lower and motility remained numerically lower 170 days following the final cisplatin dose. Epididymal sperm counts in animals receiving ghrelin þ cisplatin returned to near normal levels during the extended recovery period.
Cisplatin-Induced Testicular Cell Death Is Diminished by Coadministration of Ghrelin
Considering the substantial evidence that ghrelin is able to prevent damage-induced cell death in several tissue-types (Supplemental Fig. S1D ), cell death was measured by flow cytometry and TUNEL staining in testis of mice treated with vehicle, ghrelin, cisplatin, and ghrelin þ cisplatin (trials 1 and 2) [29] [30] [31] [32] [33] . Expression of Annexin-V was markedly increased in testicular cells from cisplatin-treated mice as evident by flow cytometry (Figs. 5A and Supplemental Fig. S2C ). Coadministration of ghrelin significantly prevented increased Annexin-V levels, concomitant with the decrease in testicular apoptosis. In trial 2, ghrelin administration effectively prevented cisplatinincreased Annexin-V expression and cell death in the testis. In the absence of receptor, ghrelin was ineffective as a protective agent in Ghsr À/À mice treated with cisplatin. DNA damage, GHRELIN PROTECTION IN THE TESTIS measured using a TUNEL assay (Fig. 5B) , showed evidence of apoptotic nuclei in the seminiferous tubules of all the treatment groups. Coadministration of ghrelin with cisplatin significantly attenuated the increase in TUNEL-positive cells in trial 1 and to a greater extent in trial 2 (Fig. 5 , E and G), whereas the testes of Ghsr À/À mice treated with ghrelin þ cisplatin displayed extensive TUNEL-positive cells similar to those observed in mice treated with cisplatin alone (Fig. 5F) . Quantification of the apoptotic index agreed with cell death analysis by flow cytometry (Fig. 5H) .
Ghrelin Administration Ameliorates the Weight Loss Caused by Cisplatin Exposure
Coadministration of ghrelin can prevent cisplatin-induced cachexia, so the percentage of body weight change in animals tested in trials 1 and 2 and in the extended recovery trial was evaluated [35] . Vehicle-treated control animals exhibited relatively stable body weight (defined as the percentage of the starting weight) in across both trials. Wild-type ghrelintreated mice gained a relatively small amount of weight, which 
WHIRLEDGE ET AL.
typically normalized following ghrelin withdrawal (Fig. 6, A  and B) . The mice receiving the 25 mg/kg cumulative dose of cisplatin lost a significant amount of weight. One cycle of cisplatin treatment resulted in a loss of 12% 6 1% body weight during the first 5 days. After the second treatment cycle, mice receiving cisplatin alone lost an average 20% 6 4.3% of their starting weight. Subsequent to the final dose of cisplatin, treated mice regained lost body weight, although their weights remained significantly lower than the vehicle-treated wild-type control mice (Fig. 6A-D) . Animals treated with ghrelin þ cisplatin demonstrated better recovery of their body weight than cisplatin-treated mice. The longer period of ghrelin coadministration (trial 2) resulted in less total body weight loss (Fig. 6B) . The final weight of the ghrelin þ cisplatin treated mice in this group was not statistically different from saline controls. This indicates that, as previously reported, ghrelin markedly attenuated cisplatin-induced cachexia in a time-and dose-dependent manner [35] . The body weights of the Ghsr À/À mice treated with both ghrelin and cisplatin were similar to those treated with cisplatin alone, suggesting that the receptor is necessary for the anticachectic effects of ghrelin (Fig. 6C) . The cisplatin-treated mice allowed to recover for an extended period remained statistically smaller than salinetreated mice (Fig. 6D) . While animals in the ghrelin þ cisplatin treatment group lost weight initially, ghrelin coadministration facilitated body weight recovery to values similar to ghrelinonly treated mice.
DISCUSSION
Utilization of the chemotherapeutic cisplatin improves the likelihood of long-term survival for cancer patients, but its use is associated with significant side effects. While several agents expected to diminish cisplatin side effects show Bar graphs show means 6 SEM of at least four biological replicates. Letters represent means statistically significant by ANOVA. A) Epididymal weight is significantly lower (P , 0.01) in mice treated with cisplatin and Ghsr À/À mice treated with ghrelin þ cisplatin. Ghrelin þ cisplatin coadministration significantly increases (P , 0.01) epididymal weight. B) Sperm density significantly decreases (P , 0.001) with cisplatin exposure. In the extended trial, sperm density recovers only in the ghrelin þ cisplatin treated group. Sperm density remains significantly lower in the cisplatin treated group of the extended trial. C) Sperm motility significantly decreases (P , 0.001) with cisplatin exposure. Motility values for mice treated with ghrelin þ cisplatin in trial 2 are higher than cisplatin, trial 1 ghrelin þ cisplatin, and Ghsr À/À ghrelin þ cisplatin treated mice. Sperm motility is not significantly different between groups in the extended trial. Values represent means 6 SEM; n.s. ¼ groups not significantly different.
promise [35, [43] [44] [45] [46] , there are no approved treatments that prevent or diminish these serious complications. Two of the most serious side effects induced by cisplatin administration are evident in the mouse models used in this study: cachexia and male infertility. Cotreatment of cisplatin with ghrelin diminishes cisplatin-induced weight loss and testicular damage in a dose-dependent manner. Ghrelin and cisplatin cotreatment in Ghsr À/À mice demonstrated that the GHS-R1a signal transduction pathway is required for ghrelin-mediated protection of weight loss and testicular damage. Moreover, cisplatin exposure results in persistent testicular damage and reduced body weight. When ghrelin and cisplatin are employed together, the long-term damage is diminished. Thus, the protective properties of ghrelin may adequately reduce the detrimental effects of cisplatin utilizing an optimized dosing regimen. After cisplatin exposure, both humans and experimental animals display delayed gastric emptying, early satiety, anorexia, nausea, and vomiting. Collectively, these side effects are described as cancer-associated dyspepsia syndrome (CADS) [7, 47] . Administration of exogenous ghrelin reduces the symptoms of cisplatin-induced CADS in a murine model [35] . The difference in the cisplatin and ghrelin þ cisplatin treated groups for the maintenance of body weight and overall recovery is more pronounced when the time period of ghrelin administration is doubled. These results in the mouse are similar to those previously reported in rats [35] . Extending the recovery period demonstrates the enduring cachexic effects of cisplatin. Moreover, Ghsr À/À mice did not respond to ghrelin treatment, confirming that the action of ghrelin is mediated through the GHSR receptor.
Long-term damage to spermatogenesis occurs in mice following cisplatin administration of doses analogous to those given to cancer patients. Low doses of cisplatin damage the highly proliferative spermatogonia [48] , while higher doses can lead to irreversible loss [49] . Extending the dose of cisplatin induces spermatogenic cell death [48] , perhaps reflecting damage to both the germ and somatic cells of the testis. Cultured Sertoli cells treated with cisplatin exhibit a dosedependent decrease in androgen-binding protein, lactate, and estradiol secretion [50, 51] . Disruption of the tight junctions and abnormal Sertoli cell secretory function are observed in vivo as well [13] . Cisplatin exposure can alter sperm DNA integrity, a measure that seems to correlate with fertility and may negatively affect progeny outcome [17] . Indeed, paternal treatment with cisplatin in rats results in impaired reproductive function in male offspring [6] . Our observations in mice suggest that a patient's chemotherapeutic regimen may negatively affect testicular function and the potential to father offspring in the future. Our studies suggest ghrelin may be protective.
Ghrelin protects against apoptosis in several cell types, including: hypothalamic neuronal cells [30] , lung alveolar cells [33, 52] , cardiomyocytes [31, 53] , pancreatic beta-cells [54] , endothelial cells [55] , and spermatocytes and spermatogonia in the rat [34] . Studies in these cell types indicate that ghrelin inhibits apoptosis through multiple mechanisms. Inhibition of the mitochondrial pathway of apoptosis was found in hypothalamic neuronal cells, cardiomyocytes, pancreatic betacells, and spermatocytes and spermatogonia. Activation of extracellular signal-regulated kinase-1/2 (ERK1/2) plays a role in the antiapoptotic actions of ghrelin in hypothalamic neuronal cells and endothelial cells, while inhibition of c-June Nterminal kinase (JNK) mediates ghrelin's actions in lung alveolar cells and pancreatic beta-cells. In response to DNA damage from ionizing radiation, ghrelin produces a protective effect in the mouse testis that involved modulation of the p53 signaling pathway [36] . Furthermore, ghrelin possesses antiinflammatory properties, which may counteract the proinflammatory response induced by cisplatin [56] . Ghrelin inhibits proinflammatory cytokine production [57, 58] as well as NFjB activation, a critical inflammatory signaling molecule [59] . Although it is not yet clear how ghrelin and its receptor are mediating the apoptotic response to cisplatin, ghrelin may be acting as a survival factor through the inhibition of these apoptotic pathways and the preservation of mitochondrial integrity. Because of the ability of ghrelin to directly protect cells against apoptosis, it is likely that the prevention of cisplatin-induced toxicity in the testis is a testis-specific effect rather than a benefit of reduced cachexia. This is further supported by the incidence of permanent cisplatin-induced infertility in patients receiving high cumulative doses, even when these patients regain their appetite and weight [5] .
Ghrelin administration does not appear to produce long-term adverse effects or interfere with the efficacy of cisplatin in cancer-causing cells, although additional studies are required. There is no agreement concerning the direct actions of ghrelin on tumor growth. Some in vitro studies suggest a decrease [60, 61] while others suggest an increase in cell growth [62, 63] . However, there are no published in vivo studies that examine tumor growth following ghrelin treatment. There are several studies in both animal models and human patients that have determined both the safety and efficacy of ghrelin in cancerinduced cachexia (reviewed in [64] ). In healthy, human volunteers, intravenous ghrelin administration was safe, tolerable, and tended to increase hunger sensation in a dosedependent manner [65] . In a cancer-induced cachexia animal model, ghrelin treatment increased food intake, body weight, and whole body fat, with no effect on tumor growth [27] . A phase I trial of ghrelin administration in patients with advanced cancer and anorexia/cachexia syndrome revealed no doselimiting toxicity or increase in tumor-growth [66] . In fact, administration of anamorelin, a novel ghrelin mimetic, in patients with cancer-related cachexia results in significant improvement in metabolic effects and patient-reported symptoms [67] . Phase I trials have also verified the safety and tolerability of RM-131, a potent ghrelin receptor agonist [68] . These studies suggest ghrelin and ghrelin receptor agonists are well-tolerated and relieve CADS-associated symptoms in both animal models and patients, although further research is advised [65, [67] [68] [69] .
In conclusion, cotreatment of adult mice with cisplatin and ghrelin prevented the severity of cachexia and testicular damage commonly induced by cisplatin. The Ghsr À/À mice provides direct evidence that the hormone-receptor signaling pathway is essential for ghrelin's protective role. Therefore, ghrelin agonists may show promise for the treatment of cachexia and gonadal toxicity in cancer patients.
